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ABSTRACT
Solder self-assembled micromirrors have the 

advantages of rigid electrical and structural connections to
the substrate as well as compact assembly mechanisms.
In addition solder assembly allows a structure to be
rotated to any angle desired. In this work, these
advantages are used to produce a novel electrostatic
micromirror that can stably rotate 10o from its assembled
position.  The compact solder mechanism allows each of
three mirror components to be assembled independently
to individual angles.  After assembly the design is
statically tested and compared to both analytical and finite
element (FE) model results.

INTRODUCTION
Solder self-assembly is a well established assembly

mechanism for surface micromachined devices [1-4].  It 
has several advantages over other methods of creating
electrostatic micromirrors with large, stable rotation
ranges.  It provides a compact assembly mechanism and
significant assembly force as well as solid post-assembly
electrical and mechanical connections.  In this work, a
proof of concept for a unique torsional micromirror,
actuated by parallel-plate electrostatic forces, is modeled,
fabricated, assembled, and tested.

Outside of solder assembly, several other techniques
are used to create micromirrors with larger stable rotation
ranges.  Syms uses a process similar to the described
solder assembly for a micromirror assembly in [5].
However, in that case a nonconductive photoresist is used, 
and the mirror is driven with a rotating comb-drive.
Other assembly and actuation methods have also been
demonstrated.  Arrays of scratch-drive actuators (SDAs)
are used to assemble mirrors and parallel-plate electrodes 
in [6-7].  Alternatively, substrate mounted comb-drives
are used to drive assembled mirrors through hinge
linkages in [8-9].  However, each of these alternative
cases has disadvantages including hinge linkages and 
manual assembly.  The hinges are poor electrical
connections, lack structural rigidity, and see excessive 
wear during operation.  Manual assembly is also a 
disadvantage as it is not reliable or manufacturable. The
current design overcomes the above problems with three
solder assembled parallel-plate electrodes in an 
arrangement that provides a large, stable rotation range
and reasonable actuation voltage.

After identifying the desirable characteristics a solder 
assembled micromirror provides, a simple analytical
model is used to determine appropriate electrode gap 
heights and flexure dimensions.  The resulting design is
then fabricated in the JDS Uniphase/Cronos Multi-User 
MEMS Processes (MUMPS ) [10] and assembled using
a solder self-assembly process developed at the
University of Colorado at Boulder [3].  Following
assembly, static testing is done to determine the
voltage/angle relationship, which is compared to both
analytical and FE model results. The process is then
repeated for a second-generation design that is revised
based on an improved analytical model and experience
with the assembly process.

DESIGN AND MODELING 
While solder assembly can be used to rotate a 

structure to any desired angle, the micromirror presented
here is constrained to a stable 20o rotation range from 25o

– 45o above the substrate.  The most efficient way of
accomplishing this is to use a mirror neutral position 35o

above the substrate and have it rotate 10o from there. 
The basic design concept utilizing these constraints is
shown in Figure 1.  The concept consists of three basic
components, each of which is assembled with its own 
solder ball.  The mirror, flexures, and mirror frame
comprise one component.  The other two components are
the lower electrodes used to rotate the mirror in the
positive and negative directions from the neutral axis.
These components are rotated to 25o and 45o as suggested
by the analytical model.

The analytical model is developed based on a torque
balance between the electrostatic force on the mirror and 
the restoring torque of the flexures.  The improved
version also includes vertical deflection of the flexures
using a force balance between the electrostatic force and 
the restoring force of the bent flexures. The
improvements are necessary due to significant flexure
deflection during actuation.

The basis of the model is the torque balance

dxx,xfk et

where is the change in mirror angle between the neutral 
and rotated positions.  kt is the torsional spring constant
and fe is the electrostatic force per unit length. These
terms can be described as 
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plotted. Although two of the three mirrors shown in
Figure 5 can stably rotate 10o from neutral, the required 
voltages are lower than those predicted by the improved
model, and there is a variation in performance from
device to device.
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Figure 5. Second-Generation Result Comparison.
The variation between devices is most likely due to the
fact that the assembly angles for the mirrors and 
electrodes are not perfect due to scavenging of the gold
pads during the assembly process [3].  Some of the angles
are off by as much as 3o.  Another factor is variation in
mirror warpage between devices.  Because the mirrors are 
only Metal on Poly 2, there is significant warpage that can 
change with residual stress and temperature variations
during assembly.  Finally, the assembly force provided by
the solder balls can also cause varying degrees of 
deformation around the gold solder pads.  Due to these
effects, the initial gap heights differ somewhat from
device to device and result in different voltage/angle
relationships for each mirror.

The difference between the models and the 
experimental results can be explained by deformation of
the mirror frame and electrode legs.  Neither model
considers deformation in the electrode and mirror legs.
The equations to account for these deformations are not
present in the analytical model, and the legs are not
included in the FE model.  The ends of the torsion beams
and the entire lower electrode are fixed.  The exclusion of 
the legs is fine for the first-generation design, as
evidenced by Figure 4 because the electrodes are fixed on 
both sides and the mirror is closer to the substrate.
However, the move to the 8mil solder balls requires
moving the mirror farther above the substrate and
increasing the length of the legs.  Thus deformation in the
legs is significant in the second-generation design, but not
in the first-generation.

In summary, the current work utilizes the beneficial
aspects of solder self-assembly to exploit the
characteristics of electrostatic parallel-plate actuators. 
The result is the demonstration of a torsional mirror with
a large stable rotation range and a reasonable actuation
voltage.  These types of devices can be employed in many

products such as barcode scanners, optical cross-connects,
and free-space communication systems.
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